United States. They found subsurface drip irrigation required less irrigation water than surface drip irrigation.
The net irrigation requirement for com in Thomas County of northwest Kansas is 391 nmi with 80% chance precipitation (Soil Conservation Service, 1977). However, annual needs vary with climatic conditions. Many of the area irrigators will apply 380 to 460 mm with center pivot sprinklers and 460 to 610 mm with furrow irrigation. Because of its high efficiency, SDI may be able to reduce the amount of applied water to the net requirement.
A three-year study was initiated in 1989 to evaluate subsurface drip-irrigated com on the silt loam soils in northwest Kansas. Objectives of the study were to determine the water requirement of subsurface dripirrigated com through a yield-water use relationship and to compare the irrigation requirements to the typical net irrigation requirements for the area.
PROCEDURES

FIELD STUDY PROCEDURES
The project was conducted at the Kansas State University (KSU) Northwest Research-Extension Center at Colby, Kansas, on a deep, well-drained, loessial Keith silt loam (Aridic Argiustoll). This medium-textured soil, typical of many westem Kansas soils, is described in more detail by Bidwell et al. (1980) . The 2.4-m soil profile will hold approximately 585 mm of plant available soil water at field capacity as determined from an unpublished drainage study conducted adjacent to this study site in 1990 and 1991. This corresponds to a volumetric soil water content of approximately 0.37 and a profile bulk density of approximately 1.3 gm/cm^. The climate can be described as semi-arid, with an average annual precipitation of 474 mm and approximate, annual, lake evaporation of 1400 mm. Daily climatic data used in the study were obtained from a weather station located approximately 400 m east of the study site.
The study utilized a SDI system constmcted in the spring of 1989 (Lamm et al., 1990) . The system has dualchamber drip tape (emitter spacing -30 cm) installed at a depth of approximately 40 to 45 cm with a 1.5 m spacing between dripline laterals. The com was planted so each dripline lateral was centered between two com rows. Generally, irrigation is not needed to establish summer row crops because of the high probability of precipitation exceeding evapotranspiration (ET) in May and early June. The 1.2-ha study area was approximately 140 m wide and 90 m long with land slope of approximately 0.5%. Six irrigation levels with three replications in a randomized complete block design were used in the study. Each subplot was 6 m wide x 90 m long, mnning north to south. This corresponded to eight 76-cm rows with driplines spaced every 1.5 m between com rows. There was approximately 15 m of bulk area on the east and west edges of the study. The irrigation treatments were as follows: 125% of calculated actual evapotranspiration (AET); 100% of calculated AET (standard treatment); 75% of calculated AET; 50% of calculated AET; 25% of calculated AET; and no irrigation.
The reference evapotranspiration (ET^) was calculated using a modified Penman combination equation similar to the procedures outlined by Kincaid and Heerman (1974).
The specifics of the ET^ calculations used in this study are fully described by Lamm et al. (1987) . Basal crop coefficients (K^^) were generated with equations developed by Kincaid and Heerman (1974) based on work by Jensen (1969) and Jensen et al. (1970 Jensen et al. ( , 1971 . The basal crop coefficients were calculated for the area by assuming 70 days from emergence to full canopy for com with physiological maturity at 130 days. This method of calculating AET as the product of K^b and ET^ has been acceptable in past studies at Colby Rogers, 1983, 1985) . In constmcting the irrigation schedules, no attempt was made to modify AET with respect to soil evaporation losses or soil water availability as outlined by Kincaid and Heerman (1974) . Although these parameters do affect AET, they will be considered only in the discussion of water use modeling.
Irrigation was scheduled using a water budget to calculate the root zone depletion with precipitation and irrigation water amounts as deposits and calculated daily com water use (AET) as a withdrawal. Modification of the individual treatment irrigation schedules to simulate the various regimes was accomplished by multiplying the calculated AET value by 1.25, 1.00, 0.75, 0.50, or 0.25, respectively. If the root-zone depletion became negative, it was reset to zero. Each treatment was irrigated to replace 100% of its own calculated root-zone depletion, when the depletion was within the range of 20 to 35 mm. The root zone depletion was assumed to be zero at crop emergence which is a relatively realistic assumption. However, the entire 2.4-m soil profile would rarely be at field capacity. Irrigation was metered separately onto each plot wifli commercial, municipal-grade, flow accumulators with an accuracy of ± 1.5%.
Soil water amounts were monitored with a neutron probe in 30-cm increments to a depth of 2.4 m approximately once a week during each crop season. In 1989, the access tube was located in the com row, resulting in soil water measurements approximately 38 cm from the nearest dripline. In 1990 and 1991, soil water measurements were made at three perpendicular distances from the dripline, 5, 38, and 76 cm. The irrigation schedules were not updated with respect to the measured soil water. The soil water data was used to determine how well the different schedules performed.
A ridge-till system was used in com production with two com rows, 76 cm apart, grown on a 1.5-m bed. 
WATER USE MODEL DEVELOPMENT
An effort was made to separate the total water deposits and withdrawals in the field water supply into the various components, so that a more realistic comparison of all six treatments could be made. To make the comparisons, the components must be measured or calculated. TTie measured components in the study are precipitation, irrigation, and available soil water. Thus, transpiration, soil evaporation, mnoff, and long-term drainage must be calculated.
Evaporation (E) and transpiration (T), though separate components, are usually calculated as the total quantity ET because of the difficulties in accurately making separate estimates. Such estimates would be highly desirable because T translates into crop yield and E does not. However, in this study, E is probably relatively constant across all treatments. The majority of the soil evaporation losses would have occurred early in the season when the plants were small and water stress levels were low. Additional evaporation losses may have occurred following precipitation events but would probably be relatively similar among treatments. The evaporation losses from irrigation would probably be negligible because irrigation was applied 40 to 45 cm below the soil surface. In summary, only the portion of soil evaporation inherentiy included in the AET calculation was considered in the water use model.
The availability of soil water modifies the amount of water actually used by the crop. AET was modified by K^, the dimensionless soil water availability coefficient, to give:
where the AET corrected for soil water availability, AET^sw and AET are given in millimeters per day. K« was calculated as: The various water balance components were accumulated over time by daily modeling of AET^^, PERC, and ASW with the additions of the measured values of irrigation (IRR), precipitation (RAIN), assuming the initial ASW measured with the neutron probe. The calculated water balance (sum of AET^^^ ^^^ PERC) was compared to the measured water balance (sum of IRR, RAIN, and the change in soil water measurements) for the June to September periods for each of the three years. It should be noted that the measured water balance would inadvertentiy include any mnoff that occurred. However, mnoff was probably negligible in these three years because of the low slope, furrow dams, and residue management. The climatic conditions for the three years can be summarized overall as being near normal. However, the irrigation requirements were generally above normal because of the timing of periods of high ET and low precipitation. Of course, the timing of irrigation events with respect to when precipitation occurs can also affect the overall amount of irrigation applied. 
Ka « 1 if ASW is > [(B * (MASW)] Ka = [ASW/(B * (MASW)] if ASW is < [B * (MASW)]
RESULTS AND DISCUSSION
UTILIZATION OF AVAILABLE SOIL WATER
A time series progression of available soil water in the 2.4-m soil profile for the three years ( fig. 3) shows a distinct separation between the bottom three treatments and the top three treatments, apparently reflecting the respective inabilities and abilities of the treatment groupings to meet the ET needs of the com crop. In essence, the top three treatments maintained high and adequate levels of available soil water, whereas the bottom three treatments "mined" the soil water. Mining the soil water to a low level would be acceptable and even desirable, if com yield could be maintained. However, yields were drastically lower with the bottom three irrigation treatments (table 1) .
Generally, yields begin to decrease rapidly when the seasonal soil water decreased below approximately 325 to 350 mm (56 to 60% of field capacity) for extended periods in July and August (table 1 and fig. 3 ). This may lend additional credibility to the use of 0.60 for B in equations 2a and 2b. If yield is dependent on the independent variable ET and yield is reduced when ASW falls below 60%, then it follows logically that ET is reduced when ASW falls below 60%.
The 1990 and 1991 data indicated soil water was highest at the dripline and lowest in the center of the furrow (data Based on the relatively good agreement between the modeled and the measured water balance components, the model was used to calculate the cumulative AET^sw and PERC for a 120-day period beginning at emergence on 15 May and ending on 11 September for each of the three years. In the model, the initial available soil water level in the 2.4-m soil profile was assumed to be at 60% of field capacity for all treatments on 15 May. Although surface soil layers are usually near field capacity at planting, the entire 2.4-m soil profile is seldom this wet at planting. Irrigation amounts for the various treatments and climatic data were used to drive the model. Results from these calculations are summarized in table 1.
Measured yields were highly linearly related to the cumulative AET^sw in all three years ( fig. 5) Hook (1985) for com in Georgia. The value from this study seems reasonable considering the recent yield advances in com hybrids.
NONBENEFICIAL COMPONENTS OF THE WATER BALANCE
As noted, the nonbeneficial components of the water balance were removed from the discussion of water use efficiency. These components are mnoff, soil evaporation (above amount inherent in ET), and long-term drainage. The leaching requirement for salinity management has not been a concem in western Kansas due to the high water quality and moderate precipitation amounts, thus, longterm drainage is considered nonbeneficial in this discussion. Runoff was considered negligible in the study because of the low land slope, the presence of furrow dams in 1989 and 1990, and high residue levels in 1990 and 1991. Excessive soil evaporation, which occurs following irrigation and precipitation events, was considered to be reduced because the irrigation was applied at the 40 to 45 cm depth. Though long-term drainage can be reduced through irrigation management, it probably cannot be eliminated, at least during the early part of the season when precipitation exceeds ET. However, because SDI can apply the water at a deeper level than both sprinkler and furrow irrigation, for a given amount of water, a smaller "slug" of irrigation is required to put the water near the crop roots where it is needed. With a smaller "slug" in the soil profile, long-term drainage can be reduced, if irrigation and precipitation amounts are carefully matched to the crop water needs.
The cumulative calculated values of PERC and AET^sw as related to irrigation treatment for the three years are compared in table 1 and figure 6. PERC is nearly minimized for the 0.75*ET irrigation treatment while AETasw is still at the maximum level required for high yields. The majority of the calculated PERC for the deficitirrigation treatments occurred during the early part of the season when ASW was relatively high for the deficitirrigated treatments.
YIELDS AND IRRIGATION
The previous sections have emphasized that highly efficient water use can be obtained with careful management of SDI. This careful management requires providing the necessary water to meet the total ET needs of the crop but avoiding increased irrigation above this point. Excessive irrigation not only increases the nonbeneficial components of the water balance, but may actually decrease yields for drip-irrigated com in some years. Excessive irrigation has both economic costs, such as pumping costs, and social costs, such as waste of the water resource and excessive drainage of possibly chemical-laden water. Though some variation occurred among years, yields tended to plateau for the top three treatments (fig. 7 ). Significant differences (P = 0.05) in yield for the top three treatments only occurred in 1990 when the normal 1.00*ET treatment outyielded the 1.25*ET and the 0.75*ET. A three-year average of 12.5 Mg/ha for the 0 75*ET treatment was obtained using 25.6% less water than the normal treatment, 1.00*ET (table 1) considerably less than the long-term net irrigation requirement of 391 mm for Colby (based on 80% chance rainfall). It should be noted that the normal treatment (1.00*ET) had an average irrigation requirement during these three years, slightly above the long-term average net requirement. This indicates that the years were fairly representative. It should also be noted that the 316 mm value is a gross amount for the highly efficient SDI system, whereas the 391 mm value is a net requirement, which would increase the gross requirement for less efficient irrigation systems.
CONCLUSIONS
Overall, the three years of this study had near normal precipitation and ET. However, each season had periods of low precipitation and/or high ET, which increased irrigation requirements above normal. The credibility of the results of this study is bolstered by the fact that these three years were fairly representative of climatic conditions in northwest Kansas.
Analysis of the soil water data revealed sharp differences in utilization between the well-watered (75, 100, and 125 of ET) and deficit-irrigated treatments (no irrigation, 25, and 50% of ET). Sufficient irrigation for the well-watered treatments maintained the 2.4-m soil profile above 60% of field capacity during most of the season while the deficit-irrigated treatments "mined" the soil water.
A water balance model constructed to estimate the actual ET of the crop corrected for soil water availability and long-term drainage agreed reasonably well with measured data for an approximately 95-day period of each season. After verification, the model was used to estimate the water balance components for the 120-day season beginning at crop emergence. Measured yields were linearly related to the cumulative AET (corrected for soil water availability) in all three years. Highest yields were obtained when ET was not limited by soil water availability. The yield plateau was reached by an irrigation treatment applying almost 26% less than the normal full irrigation amount. These water savings were obtained by minimizing the nonbeneficial components of the water balance while still maintaining the high levels of evapotranspiration necessary to attain high yields. Using careful management, the nonbeneficial water balance components (runoff, evaporation, and long-term drainage) are minimized with SDI, resulting in increased water use efficiency without sacrificing com yields.
